structural fillings that result in unconfined compressive strengths of 1200 psi (8.3 MPa) or less [2] . CLSM should not be considered as a type of low-strength concrete, but rather as a structural backfill. CLSM is known by many different names such as flowable fill, controlled density fill, unshrinkable fill, flowable mortar, soil-cement slurry, and plastic soil-cement. There are various inherent advantages of using CLSM instead of compacted fill in these applications. These benefits include reduced labor and equipment costs (due to self-leveling properties and no need for compaction), faster construction, and the ability to place material in confined spaces [2] . If future excavation is anticipated, the maximum long-term compressive strength should generally be less than 2.1 MPa (i.e., general fill) [2] . It is advantageous due to the relatively low strength itself of CLSM. Another advantage of CLSM is that it possibly contains by-product materials, thereby reducing the demand on landfills, where these materials may otherwise be deposited and contributing towards the sustainable development [32] . In general, CLSM mixtures consist of standard materials such as Portland cement, fly ash, fine aggregate and water. However, other industrial by-products and recycled materials are also accepted and encouraged as long as they are considered to be available, cost-effective for specific application and the necessary characteristics of the mixture such as flowability, strength, excavatability, and density are acceptable [2] .
Recently, many studies have been performed regarding the use of various industrial by-products and recycled materials in the production of CLSM. Several successful applications of using fly ash in CLSM production have been addressed due to its advantages of good flowability, reduced segregation and reduce material cost [8, 9, 14, 18, 24, 27, 37] . Bottom ash was a favourite by-product employed in the production of CLSM as a fine aggregate [14, 21, 22, 31, 32] . Lachemi et al. [16, 17] , Pierce et al. [28] have all developed CLSM using Cement kiln dust due to the smaller amount of lime and silica present in CKD that can be effectively added to produce a very low-strength material. A large amount of by-product foundry sand was incorporated in CLSM due to its lower cost and availability [4, 39, 41, 36] . Various other industrial by-products and recycled materials such as flue gas desulfurization (FGD) [5] , oyster shell [15] , scrap tire rubber [26] , recycled glass [25] , acid mine drainage (AMD) sludge [9] , blast furnace slag [17, 20] , recycled concrete [1] , clean coal ash [23] were also utilized in CLSM production.
Meanwhile, due to the continuous development of the alumina industry, a huge amount of red mud which is the by-product of the manufacture of alumina from bauxite by the Bayer process is annually generated in Korea with a rate of 200,000 tons/year [19] . Red mud is a complex material whose chemical and mineralogical composition varies widely, depending upon the source of bauxite and the technological process parameters. It contains six major constituents, namely Fe 2 O 3 , A1 2 O 3 , SiO 2 , TiO 2 , Na 2 O and CaO and small quantities of numerous minor/trace elements (as oxides) such as V, Ga, Cr, P, Mn, Cu, Cd, Ni, Zn, Pb, Mg, Zr, Hf, Nb, U, Th, K, Ba, Sr, rare earths, etc. Every red mud is composed of as many as 14-21 mineral phases [19] . It is generally discharged as highly alkaline slurry (pH 10-13.5) with 15-40 % solids, which is pumped away for appropriate disposal [43] . The disposal of this alkaline waste sludge is expensive (i.e., up to 1-2 % of the alumina price), as it requires a lot of land and causes a number of environmental problems [11] . During the past decades, extensive work has been done by many researchers to develop various economic ways for the utilization of red mud in the production of constructional materials that enable a potentially high consumption rates. As an alternative to traditional raw materials used in brick production, red mud utilization not only reduces the cost of raw materials, but also has great environmental significance [3] . For the purpose of stabilization material, Kalkan [13] presented an experimental program with various compacted clay samples containing red mud and cement-red mud additives. The results showed a high compressive strength, a decrease in hydraulic conductivity and swelling as compared to natural clay samples. It was concluded that red mud and cement-red mud materials can be successfully used for the stabilization of clay liners in geotechnical applications. The potential use of red mud in the production of special cements (e.g., red mud cement, iron rich cement) was suggested and reviewed in the literatures [30, 38] . Other applications of using red mud in constructional materials such as geo-polymers [7, 10] , ceramics and tiles [34, 44] , road base material [46] were also addressed in the previous studies. However, until recently, there was no investigation that addressed the economically feasible use of red mud in the production of CLSM. The reactions of pozzolanic materials (e.g., fly ash and ponded ash in CLSM mixture) in high alkaline environment due to the presence of red mud are believed to help hardening and strength development of CLSM. The aim of the present work was to evaluate the feasibility of the red mud utilization in the production of a CLSM made by industrial by-products throughout its engineering properties.
Experimental program

Materials
Generally, fine aggregate provides the solids to develop strength as well as load carrying capacity of CLSM. Fine aggregate is considered as a material with particles in a size range from 4.75 mm (No. 4 sieve) to 0.075 mm (No. 200 sieve), commonly up to 80-85 % [35] . In the present study, ponded ash originated from cogeneration plants in Honam area (South Korea) was used as a fine aggregate in a production of CLSM. Ponded ash was first dried in an oven at 105 °C until constant weight, and then sieved through a 9.52 mm size sieve to eliminate unnecessary large particles and approach the particle size of natural fine aggregates. The physical properties of ponded ash are detailed in Table 1 . The particle size distribution curve of ponded ash is shown in Fig. 1 . Soil classification parameters based on Unified Soil Classification System (USCS) are summarized in Table 2 . The fineness modulus of ponded ash was 3.37. In addition to fine aggregate, other ingredients such as cement, supplementary cementitious materials and water are also important in CLSM mixtures with the hydration process that enables CLSM to be cohesive and hence harden to develop strength. In this study, Ordinary type I Portland cement conforming to ASTM C 150 was employed. Fly ash used in CLSM can improve the fluidity or flowability of mixtures with its fineness and spherical shaped particles. Bleeding of free water is reduced by using fly ash because of the increase of solids and therefore less segregation of the solids [9] . In this study, Class F fly ash produced from Cogeneration plant in Honam area (South Korea) conforming to ASTM C 618 was used with its specific gravity of 2.3. The chemical composition of fly ash is listed in Table 3 RM has smaller particle sizes than both cement and fly ash. The X-ray fluorescence (XRF) MiniPal 2/PANanalytical (The Netherlands) was used to determine the chemical compositions of the all raw materials shown in Table 3 . Figure 3 shows an X-ray diffractometer of ponded ash, fly ash, cement and RM. The XRD patterns are obtained with Cu Kα radiation with generator settings at 30 mA and 40 kV. It can be observed that the PA and FA mainly consisted of quartz and mullite and the characteristic peaks of PA were quite similar to those of FA. The XRD result of cement is well-known as shown in Fig. 3 . In addition, it was also found in RM some mineral components such as quartz, gibbsite and some amount of hedenbergite, hematite.
Mixture proportions and test procedures
A control mixture was initially produced with ponded ash, Portland cement, Class F fly ash, and water. Subsequently, red mud was substituted for Portland cement in amounts of 5, 10, 15, 20, 25, and 30 % by weight. The proportions of various CLSM mixtures are shown in Table 4 . In the mix proportions, the label "RM" indicates the red mud and the numbers of "5", "10", "15", "20", "25", and "30" signify the percentage of red mud replacement to cement. The bleeding, flowability, fresh density, and setting time were tested immediately after mixing in accordance with applicable ASTM Standards (2004): C 232, D 6103, C 138, C 403, respectively. The CLSM mixtures were prepared as follows. Cement and red mud were firstly dry-mixed for 2 min and ponded ash and fly ash were then added and drymixed for 5 min for homogeneity in mixtures. Finally, the designed amount of water was added and mixed for at least 10 min by a laboratory mixer. Flowability is the property that governs the self-leveling ability of CLSM. In this study, flowability of CLSM was measured according to ASTM D 6103 with an open-end flow cylinder with 150 mm of length and 75 mm in diameter. The cylinder was initially placed on a levelled nonporous plate and then filled with fresh CLSM. The cylinder was lifted slowly within 5 s allowing the fresh CLSM mixture to spread freely onto the plate. The diameters of spread in two perpendicular directions were measured. The average diameter of spread represents the flowability of the mixture [42] . A flowability of 200-300 mm is suitable for high flowability in a CLSM mixture as stated in ACI 229R and it is considered flowable and acceptable for most applications. Bleeding is commonly used to quantify the degree of subsidence for CLSM and was measured in this study according to ASTM C 232. A 150 × 150 mm cylinder mould was filled with fresh CLSM mixture and then covered with a plastic parafilm to prevent evaporation. The volume of bleed water which accumulated at the surface of the CLSM was recorded until two successive readings showed no further bleeding. condition with a curing chamber that can maintain the temperature of 25 °C and 100 % of relative humidity immediately adjacent to the cylinders until desirable testing times of 3, 7 and 28 days as presented in ASTM D 4832. The universal testing machine with loading rate 1.1 mm/min was employed for the unconfined compressive strength test. Each strength test was carried out on three cylindrical specimens and then the average was recorded. The mix proportions were designed to satisfy the compressive strength requirement of less than 2.1 MPa for future re-excavation (i.e., general fill), as reported in ACI 229R [2] . Finally, in order to verify the main environmental problems due to red mud (i.e., high pH value of this waste) incorporating in CLSM mixtures, the corrosivity was studied by measuring pH of bleed and leachate collected from CLSM to identify and evaluate whether a satisfactory corrosivity can be obtained with the proposed mixtures. Corrosivity is ability of materials that probably and potentially causes a hazard to human health or the environment to mobilize toxic metals if discharged into the environment. It can be a reason to corrode handling, storage, transportation, and management equipment, or to destroy human or animal issue in the event of inadvertent contact. Corrosion can occur when water or leachate water reacts with metal parts. Solid waste exhibits corrosivity if a representative sample of the waste has the property that is aqueous and has a pH less or equal to 2 or greater than or equal to 12.5 [32, 40] .
Results and discussion
Flowability
The values of flowability for all CLSM mixtures are shown in Fig. 5 . The flowability of control mixture showed a highest value of 300 mm and then follows were 270, 265, 260, 260, 245, 240 mm for mixtures of RM-5, RM-10, RM-15, RM-20, RM-25, and RM-30, respectively. In total, as expected for all CLSM mixtures, flowability ranged from 240 to 300 mm conforming to the performance requirements for general flowability grade for CLSM reported in ACI 229R [2] . In addition, it was found that the flowability was affected by the red mud content (i.e., the amount of red mud replacement to cement). In particular, as the amount of red mud replacement increased, the flowability of CLSM mixtures was slightly decreased as illustrated in Fig. 5 but still showed good flowability of higher than 200 mm. This tendency is primarily due to a much larger in specific surface area of red mud (Ss RM = 15.9 m 2 /g) than that of Portland cement (Ss cement = 1.22 m 2 /g). As the red mud content increased, the specific surface areas of mixtures became larger. Then, the amount of surface-adsorbed water was increased. In these cases, CLSM mixtures need more water demand to reach equilibrium workability. However, it is worth remembering that the amount of water in CLSM mixtures was fixed in this study. Therefore, flowability of CLSM was reduced. This observation is consistent with the previous researches of Kuo et al. [15] ; Katz and Kovler [14] .
Bleeding
Water used for flowability in excess of that needed for hydration is generally absorbed by the surrounding soil or released to the surface as bleed water [2] . Figure 6 shows the bleeding results of various CLSM mixtures with respect to time. The bleeding test was measured at 15, 30, 45, 60, 120, 180, 240, 300, and 360 min. As a result, there was a huge difference in bleeding from control mixture (i.e., without using red mud) and others. Particularly, incorporating red mud in CLSM mixtures could lead to an effective improvement in the stability of mixtures throughout the decreases in bleeding. As mentioned before, CLSM is considered stable with bleeding less than 5 % by volume at 2 h [9, 45] . Therefore, the bleed results of all prepared CLSM mixtures should be taken into account at 2 h. The values of bleeding at 2 h for all CLSM mixtures are shown in Fig. 7 . These values of control mixture, RM-5, RM-10, RM-15, RM-20, RM-25, This implies that CLSM is considered more stable at higher red mud content in mixtures. These observations suggest that red mud could become the particularly important material in improving the stability of CLSM mixtures. This effect might be explained by the plastic properties of red mud that could decrease in bleeding of mixtures since the excess amount of capillary water would be partially retained in the mixtures containing red mud. In addition, the much larger in the specific surface area of red mud than that of Portland cement might also be another reason explained for a decrease in bleeding of mixtures containing red mud. The replacement of red mud in mixtures could induce an increase in the amount of surface-adsorbed water and eventually make a decrease in bleeding due to the amount of water being fixed in this study.
Initial setting time
The initial setting time of CLSM mixtures is shown in Fig. 8 . The initial setting times of control mixture, RM-5, RM-10, RM-15, RM-20, RM-25, RM-30 mixtures were 9.53, 9.76, 9.3, 8.14, 7.08, 6.81, and 6.44 h, respectively. It was found in the range of 6.44-9.76 h, Fig. 7 Bleeding of the various CLSM mixtures at 2 h below the maximum allowable limit of 36 h as required for general CLSM [15] . It is worth noting that the replacement of red mud tended to accelerate the setting process of CLSM mixtures. The initial setting time of control mixture was 9.53 h. This time was slightly delayed as the red mud replacement increased from 0 to 5 %. However, when the replacement increased to 10, 15, 20, 25, 30 %, the initial setting time started to be gradually shortened by 2.4 % (9.3 h), 14.6 % (8.14 h), 25.7 % (7.08 h), 28.5 % (6.81 h), and 32.4 % (6.44 h), respectively. These finding implies that red mud could be used to accelerate the setting process of CLSM mixtures and might be explained by the redundant presence of Al 2 O 3 (19.87 %) and Na 2 O (14.92 %) in red mud as shown in the chemical composition of red mud in Table 3 . When mixed with water, the aluminium and sodium hydroxides are created and become good curing accelerators for CLSM mixtures. In other words, red mud releases OH − and generates a highly alkaline environment [6] favoured for the hydration reaction of Portland cement. In addition, as abovementioned, red mud particles could also be partially responsible for a water-retained process. Eventually, the available remained water used for combination with cement particles would be reduced and consumed rapidly due to the amount of water being fixed in this study. Therefore, the setting process was accelerated. This result is identical to that reported by Ribeiro et al. [33] .
Corrosivity
The corrosivity of CLSM was measured as bleed and leachate collected from CLSM specimens and given in and leachate of all CLSM mixtures were alkaline, ranging from 12.05-12.25 and 11.08-11.58, primarily due to the hydroxide released from red mud itself (i.e., the presence of aluminium and sodium hydroxides in red mud) as well as the hydration process. However, the range was neither less than 2.5 nor more than 12.5. Therefore, the CLSM possessed sufficient resistance to corrosivity [32, 40] . In addition, it is exhibited from Table 5 that the pH of bleed was higher than that of leachate for all proposed CLSM mixtures. It is identical to the previous results in the study by Razak et al. [32] . Furthermore, it was found that these pH values increased in both of bleed and leachate with an increase of red mud replacement probably due to an increase in amount of OH − released from aluminium and sodium hydroxides in red mud.
Compressive strength
The most important hardened property of CLSM is its strength measured as unconfined compressive strength (UCS). Figure 9 shows the unconfined compressive strengths in . These also hydrate to produce cementitious compounds in reactions which are fairly well known from the fact that they are responsible for strength of mixtures with high alumina content in a highly alkaline environment [29, 33] . Furthermore, an increase in amount of hydroxide ions OH − might be another reason explained for a gain in strength. These OH − ions hydrolyzed on the surface of ponded ash or fly ash known as pozzolanic materials. Then, the Si, Al, and Ca species were dissolved to form C-S-H gel through polymerization resulting in a higher compressive strength of CLSM [12, 18] . However, when the red mud replacement exceeded 15 %, the compressive strength started to be decreased dramatically. It dropped to 0.5 MPa as the red mud replacement was up to 30 % probably due to the lack of cement content in those CLSM mixtures. Therefore, the red mud content of 15 % is considered as an optimum percentage to substitute Portland cement in this study. This finding is clearly demonstrated throughout in Fig. 10 , which is built up to exhibit the strength increment slopes with respect to the red mud contents. Herein, the angular coefficients of strength trendlines of various CLSM mixtures with respect to curing time are signified the strength increment slopes of the prepared CLSM mixtures. The strength increment slopes of all mixtures with their R-squared values are summarized in Table 6 . Therefore, it can thus be stated that red mud could be feasible and potential in use as a partial replacement to Portland cement in CLSM production with the optimum red mud content of 15 %.
Conclusions
The laboratory tests were conducted to evaluate the feasibility of incorporating red mud as a partial replacement for Portland cement into a controlled low-strength material made by industrial by-products (e.g., ponded ash and fly ash) generated from coal combustion process of thermal power plants in Honam area and those lead to the following conclusions:
1. Flowability of prepared mixtures decreased with a corresponding increase in the red mud content primarily due to a much larger in specific surface area of red mud than that of Portland cement. However, all prepared CLSM mixtures still showed the flowability of higher than 200 mm, the performance requirement for good flowability grade for CLSM reported in ACI 229R. 2. The bleeding values of all prepared mixtures varied in the range of 1.81-5.00 % at 2 h, all of which conformed to the bleeding requirement of CLSM. In addition, the bleeding was found to be significantly decreased with an increase in red mud content in CLSM mixtures mainly due to the plastic properties of red mud that might keep 
